Lightning that occurs with relatively little accompanying rainfall, known as dry lightning, is one of the main ignition sources for wildfires throughout the world. A method for indicating large-scale environments favourable to the occurrence of dry lightning is examined here. The method is designed to be of coarse spatial and temporal scales, for potential application to global climate models. It is developed based on atmospheric conditions obtained from reanalyses, in conjunction with lightning observations from a ground-based network of sensors during the period from 2002 to 2013. The method is applied to global climate model simulations to examine the influence of increasing atmospheric greenhouse gas concentrations on the projected frequency of occurrence of dry lightning activity in Australia. The results indicate considerable seasonal and spatial variability of the projected changes in environments favorable to dry lightning occurrence. Given the importance of dry lightning to the area burnt by fires, long-term changes in dry lightning activity could potentially have a range of significant impacts, including in relation to fire regimes, ecology, fire emissions and emergency management.
INTRODUCTION
Fires ignited by lightning typically burn a larger area on average than fires from other ignition sources, attributable to the fact that they can occur more frequently in spatial and temporal clusters and in more remote areas that are difficult for response personnel to access than fires not ignited by lightning [Wotton et al. 2005; Kasischke et al. 2006; Dowdy and Mills 2012a] . The probability that lightning will result in a sustained fuel ignition is highly dependent on fuel moisture and studies in different parts of the world have found that the chance of a bushfire (i.e. wildfire) occurring per lightning stroke increases rapidly if the rainfall accompanying the lightning is less than about 2 or 3 mm [Rorig and Ferguson, 1999; Dowdy and Mills, 2012b] .
Many previous studies have examined thunderstorm and severe thunderstorm occurrence in relation to localised atmospheric conditions throughout various regions of the world. With a specific focus on Australia, reported that high values of convective available potential energy (CAPE) and vertical wind shear are associated with a high chance of severe thunderstorm occurrence, based on reanalyses and climate simulations with a spatial grid spacing of 50 km in latitude and longitude. In relation to larger-scale atmospheric conditions, a number of recent studies have found that significant relationships occur between lightning occurrence and large-scale modes of variability such as the El Niño-Southern Oscillation (ENSO) [e.g., Chronis et al. 2008; . Studies such as these show that variations in large-scale environmental conditions (e.g., those associated with ENSO) can influence thunderstorm activity in some cases. This suggests that it might be possible to find large-scale indicators of lightning activity that are of a similar resolution to that of current global climate models (GCMs), i.e., with daily temporal resolution and about 1 or 2 degrees horizontal grid spacing.
Dry lightning is typically associated with thunderstorms that do not produce severe impacts such as heavy rainfall (i.e., more characteristic of non-severe thunderstorms than wet lightning), providing motivation for examining atmospheric conditions specific to dry lightning. This study is novel in that it examines large-scale environmental conditions favourable to the occurrence of dry lightning, intended for direct application to GCM output.
DATA AND METHODS
Lightning data were obtained throughout Australia from the commercial provider Global Position and Tracking System (GPATS) for the period from 2002 to 2013 (defining the study period) based on the time of arrival of the lightning discharge signal at a network of three or more radio receivers (e.g., Cummins and Murphy [2009] ). The data represent individual lightning strokes, noting that a single lightning flash can consist of multiple strokes.
The ERA-Interim reanalysis [Dee et al. 2011 ] are used to examine various different atmospheric quantities, based on a grid of 1.5 degree spacing in both latitude and longitude. For each of these grid cells, the daily number of lightning strokes is counted, then classified as either a dry or wet lightning day based on a daily average rainfall threshold of 2.5 mm within the given gridded region. Rainfall data based on satellite observations are used from the Tropical Rainfall Measuring Mission (TRMM: Kummerow, et al. [1998] ).
Nine atmospheric variables (Table 1) are examined as potential large-scale indicators of lightning occurrence. These variables consist of temperature and moisture measures at various pressure levels, a temperature gradient measure (as a potential indicator of frontal systems) and geostrophic vorticity at 500 hPa as a potential indicator of large-scale conditions favourable to the occurrence of extratropical cyclones [Dowdy et al. 2013 ]. The variables representing air temperature at 500 hPa and 250 hPa are multiplied by -1 to indicate the potential for instability in relation to lower altitudes. It is noted that it is currently not well known how much lightning (dry or wet) is associated with synoptic-scale systems such as extratropical cyclones or fronts, with relatively few example of studies discussing this previously in the literature (e.g., Chambers et al. [2014] and Dowdy and Kuleshov [2014] ).
To allow direct comparison between the nine variables (listed in Table 1 ), daily average values of individual variables at each grid point are converted to percentile values based on the entire study period (from 2002 to 2013) , such that all of the nine variables use a single consistent scale (i.e. a scale ranging from 0 to 100). This percentile-based method is used here, rather than using other normalisation methods, as when applied to GCMs it provides a form of quantile-quantile bias correction (as demonstrated previously for large-scale atmospheric indicators [Dowdy et al. 2013] ). Every third year of the study period (from 2002 to 2013) is used for cross-validation (i.e. the years 2004, 2007, 2010, 2013) . To reduce the risk of overfitting, this portion of the data was kept completely independent from the training period (i.e., the years 2002, 2003, 2005, 2006, 2008, 2009, 2011, 2012) .
To compare the nine variables against each other, a quantity, Q, is constructed based on combining three of the nine different atmospheric variables (i.e. 9*8*7 = 504 possible combinations) with various different weighting factors as shown by Equation 1. The weightings (of 4, 3 and 2) were selected with the aim of allowing some variation in the relative influence of each variable.
where V 1 , V 2 and V 3 are three different atmospheric variables (from Table 1 ).
The study method is based on finding a threshold value, Q thresh , for which two thirds of the days with lightning correspond to Q ≥ Q thresh (i.e., the number of 'Hits' is always twice as large as the number of 'Misses' for the training period). Consequently, the Probability of Detection (POD, calculated as the number of Hits divided by the total number of events, as shown by Equation 2) is always equal to 0.67 during the training period. The days with Q ≥ Q thresh for which lightning does not occur are counted as 'False Alarms' for the training period. The combination of three variables (based on Equation 1) with the smallest number of False Alarms in the training period is found for each individual location. This combination of three variables (and the value of Q thresh ) in then applied to the third of the study period that was set aside for independent crossvalidation. Days in the cross-validation period for which Q ≥ Q thresh are counted as Hits if lightning occurred, or False Alarms if lightning did not occur. Days in the cross-validation period for which Q < Q thresh are counted as Misses if lightning occurred. The skill of the method is assessed for the cross-validation period, based on the POD and the Critical Success Index (CSI, calculated as the number of Hits divided by the sum of the number of Hits, Misses and False Alarms, as shown by Equation 3).
POD = Hits / (Hits + Misses)
(2) CSI = Hits / (Hits + Misses + False Alarms)
Simulations of historical and future climate were obtained from the ACCESS1.0 GCM for the CMIP5 set of model output. The future simulations are based on the RCP8.5 forcing pathway, representing a relatively high emissions case where greenhouse gas concentrations continue to rise towards the end of the 21 st Century. For further details on these simulations see Collier and Uhe [2012] . There are some differences between regions (particularly between the northern and southern regions) as well as between dry and wet lightning, in terms of which variables are preferable to use. For example, the measures of temperature are generally more heavily weighted for dry lightning than wet lightning, and the measures of moisture (i.e., specific humidity at various pressure levels) are generally more heavily weighted for wet lightning than dry lightning. However, in general there are broad similarities between dry and wet lightning in all of the different regions examined here. The similarities between dry and wet lightning include variables that have very low weightings, such as air temperature at 250 hPa (variable #4), specific humidity at 500 hPa (variable #7: particularly in the case of dry lightning) as well as the variables for fronts (variable #8) and cyclones (variable #9). Temperature at 700 hPa (variable #2) generally has a very low weighting, with the exception of the cases for dry lightning in the southern regions potentially indicative of high-based thunderstorms being conducive to dry lightning, while noting that the 850 hPa temperature (variable #1) is weighted higher than the 700 hPa temperature for dry lightning in all four regions. Examining the variables that are strongly weighted in all regions suggests that lightning (dry or wet) in Australia generally requires high values of both temperature lapse and moisture content at some of the levels examined here, particularly as indicated by the 850 and 500 hPa temperature measures and the 850 hPa specific humidity (variables #1, #3 and #5, respectively). The number of times that a variable is selected at locations within the study region is shown, with the weighting factors applied as described in Equation 1. This is presented for four regions separated by boundary lines of 25°S in latitude and 135°E in longitude (northwest '◊', northeast '*', southwest '□' and southeast '∆'). The reference numbers for the nine variables are as listed in Table 1 .
RESULTS

Comparison of variables
Given the broad similarities between dry and wet lightning in terms of their more heavily weighted variables throughout Australia (from Fig. 1) , a modified version of the method was tested using a combination of the 850-500 hPa temperature lapse and a moisture measure at 850 hPa, as represented by the Total Totals Index (TTI: equation 4), with Equation 1 simplified as shown in Equation 5.
where T 850 is the temperature at 850 hPa, T 500 is the temperature at 500 hPa and Td 850 is the dewpoint temperature at 850 hPa.
As shown in Fig. 2 , the TTI provides a reasonably good representation of large-scale conditions favourable to the occurrence of days on which lightning occur (hereafter, lightning days), with CSI values of the order of 0.3-0.4 and POD values of about 0.6-0.7, based on the cross-validation period. Overfitting does not appear to be occurring given that the POD values for lightning days for the cross-validation period (Fig. 2 lower left  panel) are typically within ±20% of the POD values of 0.67 for the training period. The POD values for lightning strokes are notably higher (typically above about 0.8, while noting a considerable number of Dowdy, Large-scale modelling of environments favourable for dry lightning occurrence regions with values above 0.9), indicating that the lightning days identified by the method (i.e. the Hits) have more lightning strokes on average than the lightning days that are not identified by the method (i.e. the Misses). The spatial variability of the lightning strokes identified by this method (Fig. 2 lower right panel) is similar to the observed climatology based on satellite lightning observations in the Australian region [Dowdy and Kuleshov 2014] , noting that the TTI has not previously been applied to examine the climatology of lightning activity throughout Australia. Figure 2 . The ability of the study method to indicate large-scale atmospheric conditions favourable to lightning activity. CSI (upper left) and POD (lower left) values are shown for lightning days, as well as POD values for lightning strokes (upper right). The number of detected lightning strokes, n, is shown (lower right), scaled by log e (n)/13 to show spatial variability using the colour-bar scale provided.
Projections of future climate
The ACCESS1.0 climate model is used to examine large-scale environments favourable to lightning activity (based on TTI) in combination with rainfall simulations for the current and projected future climate. As rainfall simulated by climate models can have a range of biases associated with it, the simulated rainfall used here is quantile-quantile matched to the 2.5 mm rainfall threshold based on observations (using the frequency of occurrence of daily rainfall amounts from TRMM). The percentile thresholds of the TTI based on reanalyses (as calculated in the previous section for each individual grid point) are applied to the GCM output to indicate large-scale conditions favourable to lightning occurrence. Days on which the value of Q (i.e., Q = TTI, from Equation 5) is above its threshold value (i.e. Q > Q thresh ) in the model output are classed as favourable dry lightning days if the model rainfall (with quantile-quantile correction applied) is below the value representing 2.5 mm of rainfall. These conditions are examined here for an historical period , as well as for a future period (2086-2100) representing higher atmospheric greenhouse gas concentrations (based on the RCP8.5 pathway). Figure 3 shows the simulated number of dry days (i.e. rainfall less than 2.5 mm) for the historical climate (first column of panels from the left), as well the projected change based on the future climate minus the historical climate (second column of panels from the left). Figure 3 also shows the simulated number of Dowdy, Large-scale modelling of environments favourable for dry lightning occurrence favourable dry lightning days for the historical climate (third column of panels from the left), as well as the projected change (fourth column of panels from the left). This is shown for four seasons (December, January and February: DJF; March, April and May: MAM; June, July and August: JJA; and September, October and November: SON).
The simulated number of dry days for the historical climate shows more dry days in the south than the north during summer, and more dry days in the north than the south during winter. The projected change in the number of dry days indicates some spatial and seasonal variation, including a region of decrease in the north during summer and a region of small magnitude increase in the southeast during spring. The simulated number of favourable dry lightning days is typically higher during summer than winter, with the exception of the far southern coastal regions and Tasmania. The projected change in the number of favourable dry lightning days shows considerable spatial variation throughout Australia, with regions of increases and decreases apparent in each individual season. Figure 3 . The simulated number of dry days for the historical climate (first column of panels from the left), as well the percentage change based on the future climate minus the historical climate (second column of panels from the left). Also shown is the simulated number of favourable dry lightning days for the historical climate (third column of panels from the left), as well as the percentage change based on the future climate minus the historical climate (fourth column of panels from the left). This is shown for each of four seasons: December, January and February (DJF, top row of panels); March, April and May (MAM: second to top row of panels); June, July and August (JJA: third to top row of panels); and September, October and November (SON: fourth to top row of panels).
CONCLUSION
The influence of increasing greenhouse gas concentrations on dry-lightning activity has not previously been examined for any region of the world. A method was examined here for indicating large-scale conditions favourable to the occurrence of dry lightning. It was developed based on the combination of observations and reanalyses, then applied to GCM simulations of current and future climate. The initial results presented here indicate considerable spatial variability of the influence of increasing greenhouse gasses on the occurrence of dry lightning.
The study method provides considerable scope for subsequent work, including further examinations of the differences between dry and wet lightning environments, as well as the possible use of different data sets
